In this paper, a modified U-shaped micro-actuator with a compliant mechanism is proposed. It was analyzed with a uniform and modified thin arm, as well as a similar variation in the corresponding flexure, in order to observe the impact of the compliant lumped mechanism. The use of these compliant mechanisms implies an increment in the deformation and a reduction in the equivalent stress of 25% and 52.25%, respectively. This characterization was developed using the Finite Element Method (FEM) in ANSYS Workbench. The design, analysis and simulation were developed with Polysilicon. In this study, the following performance parameters were also analyzed: force and temperature distribution. This device is supplied with voltage from 0 V up to 3 V, at room temperature. The modified U-shaped actuator was applied in both arms of a microgripper, and to evaluate its electrothermal performance, a static structural analysis has been carried out in Ansys Workbench. The microgripper has an increment in deformation of 22.33%, an equivalent stress reduction of 50%, and a decrease in operation frequency of 10.8%. The force between its jaws is of 367 µN. This low level of force could be useful when sensitive particles are manipulated.
Introduction
The U-shaped actuator is a typical microelectromechanical (MEM) device, which has been used to design and construct several microgrippers reported in the literature. This basically consists of two joined line-shaped beams, where one of them is thin (hot arm), and the other one is wide (cold arm). They are restricted by two anchors [1] . A smaller beam, called flexure, is found between the wide beam and its corresponding anchor. The U-shaped actuator operation is based on the differential thermal expansion between a pair of arms of different widths [2] . When the electrical current flows, the higher electrical current density due to the reduced dimensions of the actuator, causes a dissipation of heat, and the thermal expansion of the hot arm reduces the gap between both arms, through the transverse movement that is produced by a mechanical arching action of the hot arm towards the cold arm.
A microgripper can be defined as a microscopic device used to manipulate microscale objects safely [1] . The microgrippers or micro-tweezers have opened the opportunity to develop manipulation and transport of micro-objects with high precision and reliability in applications such as micro-assembly, micro-robotics, biology, medicine and micro-optics [3] [4] [5] [6] . According to their working principle, the actuators for MEM microgrippers can be classified into [1] : electrostatic [7] , electromagnetic [8, 9] , electrothermal [10] , electrochemical [11] and piezoelectric [12] , and operated using a shape memory alloy [13] . A review of the state of the art of microgrippers based on microelectromechanical systems (MEMS) is found in [13] . According to the principle of the microgripper, a wide variety of materials has been used for its manufacture. For example, the processing SOI wafers, shown in [14] , allows selected features of a microdevice to be constructed using the thin buried oxide layer, while using the bulk of the silicon wafer creates devices with high-aspect-ratio for sensing and actuation applications. A summary of the state-of-the-art of the advance that has been obtained in the development of microgrippers is given in Table 1 . TiNi film based micro-gripper with compliant structure.
200
N/A~4500 × 200 × 150 TiNi 100 • C [28] In addition, a survey of microgrippers design can be found in [29] , where distinction between lumped and distributed compliance is used in the Atlas preparation.
On the other hand, a compliant mechanism can be defined as a flexible device that transforms the forces or movements of entrance towards another port in a set of forces or movements of exit through the elastic deformation of the body [30] . They can be classified as monolithic (when they are made from a single piece) or jointless structures. Microgrippers are manufactured regularly using compliant mechanisms based on electric actuators.
The modeling of each new device is a necessary task to determine its behavior, before manufacturing it, to achieve an efficient use of it and to know in advance its possible applications. ANSYS is a software used to simulate engineering problems using finite element analysis (FEM). This allows to simulate structures or components of machines to determine mechanical and electrical properties, using the three-dimensional model of the object and the physical properties of the material [31] .
This article is focused on a modified U-shaped actuator, which was designed using as reference the one shown in [2] . This micro-actuator is implemented in the initial microgripper given in [2] . Electrothermal actuation is considered in both devices. From initial U-shaped actuator design, thin arm and flexure were modified, considering no uniformly distributed mass. The purpose of this work is to observe the improvement in the U-shaped actuator´s performance when these modifications are implemented.
The performance study was done theoretically using a resistive electrical model, and computationally using ANSYS, with Polysilicon as structural material. The main advantage of the modified microgripper, with non-uniform mass distribution, lies in the increment of displacement value (22.33%), but the considerable decrement in force reduces its range of applications to cases when this characteristic would be useful.
The content of this work is organized as follows. Materials and methods are presented in Section 2, where the U-shaped actuators and microgripper designs are provided as well as the theoretical bases for the calculation of some parameters of the microgripper. Analytical calculations and results obtained from simulation for all structures under analysis are given in Section 3. Section 4 discusses the results shown in Section 3. Finally, Section 5 summarizes the findings and provides some concluding remarks.
Materials and Methods
The initial model is the U-shaped actuator given in [2] , (see Figure 1) . On the base of it, a modified U-shaped actuator (Figure 2 ) was developed. Proposed modifications were performed in thin arm and flexure, considering an arrangement of mass distribution. A zoom in of the thin beam is shown in Figure 3 , where proportions related to L, the total length of the modified beam, show the criteria for the length calculation of each segment. In addition, the proportions about the widths are also given.
In all devices under consideration in this work, Polysilicon is used as a structural material with a thickness value of 1.5 µm. It is possible to fabricate all devices presented here using the PolyMUMPS process. This article is focused on a modified U-shaped actuator, which was designed using as reference the one shown in [2] . This micro-actuator is implemented in the initial microgripper given in [2] . Electrothermal actuation is considered in both devices. From initial U-shaped actuator design, thin arm and flexure were modified, considering no uniformly distributed mass. The purpose of this work is to observe the improvement in the U-shaped actuator´s performance when these modifications are implemented.
The content of this work is organized as follows. Materials and methods are presented in Section 2, where the U-shaped actuators and microgripper designs are provided as well as the theoretical bases for the calculation of some parameters of the microgripper. Analytical calculations and results obtained from simulation for all structures under analysis are given in Section 3. Section 4 discusses the results shown in section 3. Finally, section 5 summarizes the findings and provides some concluding remarks.
In all devices under consideration in this work, Polysilicon is used as a structural material with a thickness value of 1.5 µm. It is possible to fabricate all devices presented here using the PolyMUMPS process. In order to observe the effect of the modified U-shaped actuator, the form of the microgripper is similar to the one presented also in [2] (Figure 4 ). In order to observe the effect of the modified U-shaped actuator, the form of the microgripper is similar to the one presented also in [2] (Figure 4 ). In order to observe the effect of the modified U-shaped actuator, the form of the microgripper is similar to the one presented also in [2] (Figure 4 ). In order to observe the effect of the modified U-shaped actuator, the form of the microgripper is similar to the one presented also in [2] (Figure 4 ). Next, the mathematical description of the electrical and magnetic properties used in the design of the microgripper is carried out.
The intensity of the electrical current I can be calculated by using the Equation [32] :
where V is the voltage supplied to the device and R is the resistance that the material opposes to electrical current flow. The electrical resistance (R) of a resistor can be determined from the physical dimensions of each device, such as length and area as well as by its inherent electrical properties of the material with which it was manufactured as the electrical resistivity according to the Equation [32] :
where ρ is resistivity, l is the length and A is the cross-section area, respectively (Ohm law). The total resistance of each device is calculated in accordance to the number of sections and configuration,
The corresponding electric power can be calculated by Equation (2) .
The increment in temperature, caused by the voltage supply, generates an increment in the body's dimensions. This property is known as thermal deformation and it is mathematically expressed as:
where α is the thermal expansion coefficient of the corresponding material and ∆T denotes the temperature change. Room temperature in this paper was considered as 26.85 • C. The operation frequency was obtained and adapted from [33] by the mathematical formula
where E is the Young´s modulus of material, m is the mass of the system, t, w and l are the thickness, width, and length of the device, respectively. The stiffness can be calculated using the mathematical expression [34] :
where F is the force applied by the tips of the gripper and ∆Y max represents their maximum deformation. The mobility of the modified U-shape micro-actuator is calculated using the well-known Gruebler Equation [35] :
Where L is the number of links, J is the number of full joints and G is the number of grounded links. In the design of the proposed electromechanical microgripper, several physical properties of the material with which its manufacture is planned should be considered. A summary of the mechanical, electrical and thermal properties involved in the microgripper design is found in Table 2 . 
Results

Results for Initial U-Shaped Actuator
The total electrical resistance R T is determined as the equivalent resistance of the series connection of the resistors R 1 to R 7 , which corresponds to each part of it ( Figure 5 ). R T is calculated as: 
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Results for Initial U-Shaped Actuator
The total electrical resistance RT is determined as the equivalent resistance of the series connection of the resistors R1 to R7, which corresponds to each part of it ( Figure 5 ). RT is calculated as: Performance parameters of the initial U-shaped micro-actuator, obtained by simulation, are shown in Figure 6 . A simple approach to characterizing the driving force, and displacement, of Polysilicon U-shaped micro-actuator is provided in [38] . Performance parameters of the initial U-shaped micro-actuator, obtained by simulation, are shown in Figure 6 . A simple approach to characterizing the driving force, and displacement, of Polysilicon U-shaped micro-actuator is provided in [38] . 
Results for Modified U-Shaped Actuator
The isometric scheme and resistive electrical model of U-shaped modified actuator is illustrated in Figure 7 . RT in this case is determined as the equivalent resistance of the series connection of the resistors R1 to R15. The mobility of U-shaped micro-actuator is calculated using Equation (7) using the 2G, 5L and 4J (as they can be observed in Figure 8 ), given only one DOF. 
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The isometric scheme and resistive electrical model of U-shaped modified actuator is illustrated in Figure 7 . RT in this case is determined as the equivalent resistance of the series connection of the resistors R1 to R15. The mobility of U-shaped micro-actuator is calculated using Equation (7) using the 2G, 5L and 4J (as they can be observed in Figure 8 ), given only one DOF. The mobility of U-shaped micro-actuator is calculated using Equation (7) using the 2G, 5L and 4J (as they can be observed in Figure 8 ), given only one DOF. The corresponding performance parameters are shown in Figure 9 .
(a) (b) (c) Figure 9 . Performance parameters of the Polysilicon modified U-shaped micro-actuator: (a) temperature distribution (b) total deformation, and (c) normal stress.
Results for Microgripper with Modified U-shaped Micro-actuator
The calculation for the case of microgripper based on initial U-shaped actuator is not presented, due to its similarity with the modified case here presented. These results are given in Tables 6 and 7. For Microgripper with Modified U-shaped Micro-actuator, the total electrical resistance is calculated as the parallel between the equivalent resistances of each U-shaped actuator [39] , as shown in Figure 10 , and in Equation (9), where it is considered that both sides are equal. The corresponding performance parameters are shown in Figure 9 . The corresponding performance parameters are shown in Figure 9 .
The calculation for the case of microgripper based on initial U-shaped actuator is not presented, due to its similarity with the modified case here presented. These results are given in Tables 6 and 7. For Microgripper with Modified U-shaped Micro-actuator, the total electrical resistance is calculated as the parallel between the equivalent resistances of each U-shaped actuator [39] , as shown in Figure 10 , and in Equation (9), where it is considered that both sides are equal.
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Figure 9.
Performance parameters of the Polysilicon modified U-shaped micro-actuator: (a) temperature distribution (b) total deformation, and (c) normal stress.
Results for Microgripper with Modified U-Shaped Micro-Actuator
with R T1 = R 1 + R 2 + . . . + R 15 = R T2 . Performance parameters of the microgripper based on modified U-shaped micro-actuator (total deformation, temperature distribution and normal stress) were obtained by simulation ( Figure 11 ). 
Discussion
Simulation results for U-shaped actuators and microgrippers were obtained with the following models with ANSYS Workbench: thermal electric, static structural, and modal module. About the mesh characteristics, some differences were considered (see Table 3 ). Thermal convection is one of the three mechanisms of heat transfer, besides conduction and thermal radiation. The heat is transferred by a moving fluid (e.g., wind or water), and is usually the dominant form of heat transfer in liquids and gases. Convection can be divided into natural convection and forced convection [40] . Condition number 3, which was considered the rule of thumb, Performance parameters of the microgripper based on modified U-shaped micro-actuator (total deformation, temperature distribution and normal stress) were obtained by simulation (Figure 11 ). Performance parameters of the microgripper based on modified U-shaped micro-actuator (total deformation, temperature distribution and normal stress) were obtained by simulation (Figure 11 ). 
Simulation results for U-shaped actuators and microgrippers were obtained with the following models with ANSYS Workbench: thermal electric, static structural, and modal module. About the mesh characteristics, some differences were considered (see Table 3 ). Thermal convection is one of the three mechanisms of heat transfer, besides conduction and thermal radiation. The heat is transferred by a moving fluid (e.g., wind or water), and is usually the dominant form of heat transfer in liquids and gases. Convection can be divided into natural convection and forced convection [40] . Condition number 3, which was considered the rule of thumb, 
Simulation results for U-shaped actuators and microgrippers were obtained with the following models with ANSYS Workbench: thermal electric, static structural, and modal module. About the mesh characteristics, some differences were considered (see Table 3 ). Table 3 . Considerations of mesh in ANSYS Workbench.
Microgripper
Mesh Elements Physics Preference
With initial U-shaped actuator Refinement with relevance = 100 61212 Mechanical
With modified U-shaped actuator Refinement with relevance = 100 27436 Mechanical
Three conditions were considered:
1. Anchors are fixed 2.
Room temperature applied to the wide beam and dimples (300 • K) 3.
Convective heat flux (20000 W/m 2 • K)
Thermal convection is one of the three mechanisms of heat transfer, besides conduction and thermal radiation. The heat is transferred by a moving fluid (e.g., wind or water), and is usually the dominant form of heat transfer in liquids and gases. Convection can be divided into natural convection and forced convection [40] . Condition number 3, which was considered the rule of thumb, establishes that for dimensions less than 1 mm, there will likely not be any free convective currents [41] . If the surrounding fluid is a liquid, then the range of the forced heat transfer coefficients are much wider. For free convection in a liquid h =≈ 50 − 1, 000
• K is the typical range. For forced convection, the range is even wider h ≈ 50 − 20, 000 W/m 2• K. In this case, air was considered as the fluid.
In Table 4 , total resistance values of the initial and modified U-shaped actuators are given. The values of performance parameters are presented in Table 5 . In relation to normal stress of initial and modified U-shaped micro-actuators, they can be observed in the corresponding graphs (6c and 9c, respectively). The largest values correspond to all thinnest segments in thin arms and flexures; these values are 91.34 MPa and 47.734 MPa, respectively. The modified U-shaped micro-actuator shows a decrease of 52.25%. Both values are much smaller than the value of the tensile yield strength for Silicon.
Total resistances for initial and modified microgrippers are given in Table 6 . Table 7 summarizes the values of the performance parameters of the microgrippers under analysis. It is important to point out that only small differences were obtained between the initial model presented here, and those reported values in [2] , but this comparison was not added. The equivalent stress values for initial and modified microgrippers was 101.6 MPa and 50.732 MPa, respectively, and this was obtained in the same thinnest parts of the hot arms and flexures in the corresponding U-shaped micro-actuators. Again, this stress has a lower value for the case of the modified microgripper in 49.93%.
From Table 4 , it is established that for the case of the U-shaped actuators (initial and modified), the theoretical and simulated values of total resistance are close, since the largest error is 4%. The total resistance of the modified structure is approximately two times, when it is compared with those of the initial structure. In the case of microgrippers based on initial and modified U-shaped micro-actuators, the performance is similar, as it can be seen in Table 6 .
For the case of the performance parameters of the U-shaped actuators, shown in Table 5 , it can be observed that the improvements obtained with modified thin beam and flexure, reside in a displacement increment of 25%, with an increment in temperature at the middle part of the modified part of the thin beam of 8.27%. Equivalent stress, current and force have lower values. From Table 7 , it is possible to deduce that for the case of the microgrippers based on these actuators, they have a similar response. The modified microgripper shows a displacement increment of 22.33%, and an increment in temperature of 10.8% at the middle part of the modified thin beam. Force, current and stress also show notable decrements.
A graphical representation of the performance parameters corresponding to the initial and modified U-shaped micro-actuators and the microgrippers based on them, respectively, was obtained by means of parametric simulation, as shown in Figure 12 . It can be observed that there are similar tendencies between the response of the corresponding initial and modified structures, but the values for the cases of force, current, power and total stress are relatively far. Note: Negative increment is interpreted as a decrease.
The equivalent stress values for initial and modified microgrippers was 101.6 MPa and 50.732 MPa, respectively, and this was obtained in the same thinnest parts of the hot arms and flexures in the corresponding U-shaped micro-actuators. Again, this stress has a lower value for the case of the modified microgripper in 49.93%.
From Table 4 , it is established that for the case of the U-shaped actuators (initial and modified), the theoretical and simulated values of total resistance are close, since the largest error is 4%. The total resistance of the modified structure is approximately two times, when it is compared with those of the initial structure. In the case of microgrippers based on initial and modified U-shaped microactuators, the performance is similar, as it can be seen in Table 6 .
A graphical representation of the performance parameters corresponding to the initial and modified U-shaped micro-actuators and the microgrippers based on them, respectively, was obtained by means of parametric simulation, as shown in Figure 12 . It can be observed that there are similar tendencies between the response of the corresponding initial and modified structures, but the values for the cases of force, current, power and total stress are relatively far. 
Conclusions
In this paper, a new topology of a U-shaped micro-actuator has been presented on the base of lumped compliant mechanisms, designed by means of a mass distribution applied to thin beam and flexure. Fundamental changes in performance parameters are given on displacement, where an increase of 25% is given, but with a notable decrease in force. A reduction in normal stress of 52.25% is also shown. An analogous response is observed for the case of the microgripper based on this modified actuator. In this case, an increase of 22.33% is obtained, but current, power and stress decrease. Force has also the most notable decrement.
The performance parameters considered as fundamental in the electrothermal performance analysis of the microgripper were displacement, force and normal stress (Equivalent Stress VonMisses). They were obtained by simulation. In addition, current, power and temperature were also analyzed.
The total resistance values obtained from theoretical calculations and simulation were close, since the maximum difference was 4%. Theoretical values of resistance were used for the calculation of current and power, showing good agreement with the corresponding values obtained by simulation.
For the modified microgripper, the reduction in current and power values favors applications which require low values of these parameters. Its lower clamping force facilitates its use when sensitive objects need to be manipulated. 
The performance parameters considered as fundamental in the electrothermal performance analysis of the microgripper were displacement, force and normal stress (Equivalent Stress Von-Misses). They were obtained by simulation. In addition, current, power and temperature were also analyzed.
For the modified microgripper, the reduction in current and power values favors applications which require low values of these parameters. Its lower clamping force facilitates its use when sensitive objects need to be manipulated.
